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We examine the dynamic failure of ice-templated freeze-cast alumina scaffolds that are being
considered as biomimetic hierarchical structures. Three porosities of alumina freeze-cast structures
were fabricated, and a systematic variation in microstructural properties such as lamellar width
and thickness was observed with changing porosity. Dynamic impact tests were performed in a
light-gas gun to examine the failure properties of these materials under high strain-rate loading.
Nearly complete delamination was observed following impact, along with characteristic cracking
across the lamellar width. Average fragment size decreases with increasing porosity, and a theoretical
model was developed to explain this behavior based on microstructural changes. Using an
energy balance between kinetic, strain, and surface energies within a single lamella, we are able
to accurately predict the characteristic fragment size using only standard material properties of
bulk alumina.VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939702]
I. INTRODUCTION
Freeze casting synthesis methods have been highly suc-
cessful in producing porous materials with controlled micro-
structures and biomimetic properties.1–5 Polymer, metal, and
ceramic scaffolds have been produced; this is often followed
by polymer or metal infiltration into the pore structure to cre-
ate high-performance composites.6–8 Deville et al. have done
extensive work on the freeze casting of hydroxyapatite scaf-
folds for bone tissue engineering.9 They report how freeze
casting can be applied to synthesize porous scaffolds exhibit-
ing unusually high compressive strength, e.g., up to 145MPa
for 47% porosity and 65MPa for 56% porosity. Ceramic
scaffolds with a polymer infiltration such as alumina-
polymethylmethacrylate (Al2O3-PMMA) have also received
particular attention as a synthetic composite with similarities
to nacre.6,7,10–14 The hierarchical polymer/ceramic layered
structure leads to enhanced fracture toughness and failure
strain compared to a monolithic structure of either compo-
nent. Munch and coworkers discuss several apparent tough-
ness enhancement mechanisms in the Al2O3-PMMA
structure, including inelastic deformation of the polymer,
frictional sliding between ceramic blocks, and bridges that
span across a growing crack and carry additional load.7
Several recent studies have explored the origin of these
toughness enhancement mechanisms in these materials and
their biological counterparts; Ref. 5 reviews many of these
studies.
The majority of mechanical testing on freeze-cast
Al2O3-PMMA composites has focused on quasistatic meas-
urements of compressive strength, fracture toughness, or
bending strength. Munch and coworkers report compressive
strengths of approximately 100MPa for lamellar alumina-
PMMA structures; Han et al.13 and Yoon et al.12 report
similar strengths for porosities close to 60%. While these
compressive strengths are lower than would be anticipated
from a rule-of-mixtures of the two components, they are able
to achieve these strengths with significant increases in the
strain-to-failure and fracture toughness. The measured plane-
strain toughness KIc for the infiltrated lamellar structures is




, higher than either the ceramic or
polymer components individually and nearly double what
would be expected from a mixture rule of toughness values.7
Considerable progress has also been made on controlled and
templated growth of the lamellar layers using a patterned
cold finger,15 radial cooling,16,17 bidirectional freezing,18
applied magnetic fields,19 and templated grain growth.20
These methods have demonstrated the ability to tune the ani-
sotropy and growth patterns of lamellae in freeze-cast mate-
rials, with corresponding changes in quasistatic strength and
failure strain.
The mechanical behavior of these composites under
high strain-rate or impact loading has received considerably
less attention, but is a critical property for applications as a
bone replacement or lightweight, energy absorbing material.
Here, we consider a baseline porous alumina scaffold under
intense impact loading as a foundation for understanding the
more complex hierarchical composite, which may be infil-
trated with a variety of polymers or metals. The alumina
scaffold forms a complex interconnecting matrix of lamella
with a largely open porosity, and our interest is in under-
standing the dynamic fracture and fragmentation of this
porous structure directly. Three porosities of alumina freeze-
cast structures were grown with an ice-solidification process,
and the microstructural changes were analyzed as a function
of changing porosity and growth conditions. Dynamic impact
tests were performed in a light-gas gun to catastrophically
fragment all samples at high rates of loading. Widespread
delamination is observed, along with characteristic cracking
across the lamellar width. We introduce an energy-balancea)Electronic mail: jphooper@nps.edu
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fragmentation model to explain the experimental fragment
distributions; using only the properties of bulk alumina, we
are able to successfully predict the average fragment size for
freeze-cast materials with different microstructures.
II. SYNTHESIS
A series of three porosities of cellular freeze-cast materi-
als were grown following the methodology in Refs. 6 and 7.
Slurries were prepared consisting of distilled water, alumina
powder alumina powder with average particle size 0.4 lm
(Ceralox SPA-0.5, Sasol North America, Inc., Tucson, AR),
ammonium polymethacrylate dispersant (Darvan CN,
Vanderbilt Minerals, LLC, Norwalk, CT, typically 2wt. %),
and an organic binder (Aquazol 5, Polymer Chemistry
Innovations, Inc., Tucson, AR, typically 3wt. %). The
amount of alumina powder and distilled water varied based
on the desired porosity of the sample. The slurry was ball
milled for approximately 24 h and then stirred in a desiccator
until air bubbles were removed. Slurries were poured into a
Teflon mold with a copper rod at the bottom. The copper rod
was cooled using liquid nitrogen. Freezing proceeded from
bottom up and was controlled by heaters on the copper rods.
A constant cooling rate of 1 !C/min was applied in the pro-
duction all of the samples. Frozen samples were then freeze-
dried for 24 h. The resulting green bodies were sintered in
air using a 5 !C/min heating rate to 1500 !C with a 2 h hold.
The samples were then air cooled at a 5 !C per minute rate.
After sintering, the average sample size was approximately
16mm in diameter by 30mm long.
III. RESULTS AND DISCUSSION
A. Morphology
The morphology of the cellular freeze-cast materials is
closely related to the crystallographic and growth character-
istics of ice. As the growth conditions are altered to adjust
the sample porosity, we also observe systematic changes in
the morphology of the lamella and pore channels, similar to
previous reports. In Figure 1, we present low-magnification
electron microscopy images (Zeiss Neon 40 field-emission
SEM with a voltage of 2 kV) of a cross section of each poros-
ity considered in this study: 46%, 60%, and 75%. The lamel-
lae grow in the direction of the freezing front, but here
(where no additional templating procedure is used) their
orientations orthogonal to the freezing front are essentially
random. To provide some quantification of the microstruc-
tural changes as a function of porosity, we analyzed six main
characteristics using measurements over multiple SEM
images: the alumina grain diameter, the size of porous chan-
nels between lamellae, the lamellar thickness, the width of
lamellae perpendicular to the solidification front direction,
the height of the dendritic surface ridges, and finally, the
spacing between ridges on the surface of the lamella. A mini-
mum of twenty measurements of each property were taken
on six or more SEM images of each porosity level. Figures 2
and 3 summarize the dimensions measured in this way,
with error bars marking the standard deviation of the
measurements.
At the grain level, lamella in all samples are similar;
minimal residual porosity is observed and grains frequently
exhibit terracing due to thermal etching from the sintering
process. The surface of the lamellae contain dendritic
features ranging from 3 to 12 lm high depending on the po-
rosity level. The grain structure and dendritic features can
be seen in Figure 4 and Figure S1 in the supplementary mate-
rial21 for fragments recovered from impact experiments.
FIG. 1. Low-magnification electron microscopy of (a) 46%, (b) 60%, and
(c) 75% porous samples.
FIG. 2. Variation in microstructural characteristics with changing porosity.
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Consistent with previous literature, the dendritic surface fea-
tures are found only on one side of the lamellae. The grain di-
ameter for the three samples is consistent as expected, with an
average diameter of 1.7lm. In all other parameters measured
(other than the distance between the ridges), we observe a
trend in which the dimensional values decrease with increas-
ing porosity. The width of the lamellae, for example, is
defined as the distance between junctions or interfaces
between lamellae and decreases rapidly with increasing poros-
ity (Figure 2). The lamellar thickness and width in particular,
given in Figures 2 and 3 and seen in the SEM image in
Figure 1, both show a significant decrease moving from 46%
to 75% porosity. No lamellar length is measured, but we have
extracted SEM images of post-impact fragments and observed
that the relative length of the lamellae is significantly greater
than their width, consistent with previous reports. We note
that all measurements were taken from cross-sections cut with
a sectioning saw in the middle of the growth specimen.
Previous reports have indicated some variation in microstruc-
tural properties along the vertical solidification direction, and
we cannot fully observe this variation here.
Surface area was measured with a Brunauer-Emmett-
Teller (BET) methodology using a Quantachrome Instruments
Nova 4200e Surface Area and Pore Size Analyzer, measuring
the nitrogen adsorption isotherm at 77K. Before measure-
ment, the samples were degassed at 300 !C for 2.5 h. The sur-
face areas were obtained from the adsorption isotherms. Two
runs were conducted for each sample to ensure consistency in
FIG. 3. Lamellar width for each sample considered in this study.
FIG. 4. Representative small frag-
ments following impact.
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the results. Table I summarizes the results for the samples.
The average surface area results indicated that with increasing
porosity the surface area also increases, as would be expected.
B. Impact experiments
To investigate the dynamic fracture of the freeze cast
material, low velocity gas gun impact tests were conducted
on cylindrical samples. Tests used a gun-propelled projectile
in a 76mm diameter light-gas gun to drive an intermediate
striker bar into the sample, which rested on a rigid anvil. A
schematic of the impact chamber is shown in Figure 5. The
entire apparatus was contained within the gun catch cham-
ber, which was pumped to a vacuum of 100 mTorr. The tech-
nique bears some similarities to Hopkinson bar impact or a
dynamic Brazilian test, but allows for more severe impact
conditions due to increased striker velocity. Unlike a tradi-
tional split Hopkinson bar test, the loading pulse from the
striker is determined by a calibrated rubber insert around the
striker bar that limits its maximum displacement. The decel-
eration profile of the striker bar was not measured, but the
rubber insert was adjusted via multiple test shots so that its
maximum displacement was 0.5 cm from the anvil face, cor-
responding to approximately 2/3 of the freeze-cast sample
diameter. Here, a 480 g aluminum impactor was used to
drive a 2.54 cm diameter steel striker bar into the freeze-cast
sample. For fragment recovery shots, the impact velocity of
the striker bar on the freeze cast sample was 396 3m/s;
unlike Hopkinson bar loading, the intent here is simply to
catastrophically fragment the sample rather than make
dynamic measurements in a controlled stress state.
The sample fragments were fully contained within a
chamber to allow for post-mortem recovery and analysis.
The inner dimensions of the chamber were approximately 15
times larger than the sample dimensions to ensure fragments
did not immediately strike an adjacent wall. However, we
cannot completely exclude the possibility of some secondary
fragmentation when initial fragments strike the catch con-
tainer. Due to the vacuum required in the gun chamber,
standard foams or gels used for soft-catch of brittle materials
were problematic. The use of soft elastomers to line the
chamber was also problematic, as small fragments are diffi-
cult to extract without additional damage and the polymer
residue on fragments can complicate the sieving process.
Thus, a chamber with as wide a diameter as possible was
used to allow for some deceleration following initial impact.
The as-cast materials were cylindrical with a diameter
of 166 0.2mm. Samples for impact tests were made by cut-
ting these cylinders to a reduced height while retaining the
as-cast diameter. We note that due to edge effects, there is a
slightly denser shell of lamellae on the exterior of this cylin-
der. Samples of differing porosities were cut to a height that
yielded a specimen of approximately 3 g total mass. Due to
the brittleness and porosity of the samples, achieving identi-
cal heights was challenging. The sample diameters were con-
trolled by the growth apparatus and were much more
uniform; this also presents the lamella to the impact in their
most susceptible orientation. Samples were impacted across
their diameter, with the lamellar growth direction perpendic-
ular to the axis of impact. In the direction orthogonal to the
impact, the lamellar orientation is more random. We thus
expect the resulting fragmentation process to be an average
of impacts over a range of different lamellar wall orienta-
tions. To account for variations in height and mass, all recov-
ered fragment distributions were normalized to the total
mass collected for a given shot. Each sample for fragmenta-
tion testing was bonded onto the anvil in the containment
unit by a very small amount of epoxy, and the small mass of
fragments that remained bound to the epoxy was not
included in the results.
The fragments collected from the impact test were
examined via SEM to observe relevant features of the
dynamic fracture. All samples showed a number of consist-
ent fracture behaviors. Widespread delamination was
observed in recovered fragments, with failure typically
occurring at the junctions between adjacent lamellae. On
fractured lamellar strips, nearly all cracks propagated across
the lamella width, orthogonal to the growth direction of the
lamella. This was evident on the fragments where the broken
edges were commonly perpendicular to the direction of the
dendritic ridges, which run parallel to the direction of
lamella growth. Figure 6 shows two typical surfaces of very
large fragments from the 46% porosity sample where
delamination occurred at the broken edges, and cracks were
observed to be propagating across the lamellae.
Cracks have predominately an intergranular character,
but transgranular fracture is also common especially in cases
where the grain boundary makes a high angle with the crack
path. Figure 7 shows a representative fracture surface exhib-
iting this mixed character; additional images are present in
the supplementary material.21 Grain bridging is commonly
observed for these lateral cracks, similar to previous
TABLE I. BET surface area of all samples.




FIG. 5. Schematic of the impact chamber used to fragment the materials at
high rates.
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reports.22 These fracture patterns are consistent with the
large body of literature on fine-grained alumina.
C. Fragmentation results
Fragments were collected post-shot and carefully sieved
with a standard sieve stack to determine their mass distribu-
tion as a function of a linear particle size. The contents of
each sieve were weighed in a microbalance and converted to
a mass probability density function distributed over linear
size. A small amount of mass (between 2% and 4% for
impacts presented here) was lost during the sieving process.
The distributions for the three porosity levels are shown in
Figure 8 with the 60% and 75% data shifted upwards for
clarity. Solid lines are fits to a one-dimensional Lineau distri-
bution discussed below. In all cases, a distinct maximum is
observed at sizes below 200 lm, with the characteristic frag-
ment size becoming smaller as porosity is increased. We
note that the lamellar width and thickness also decrease with
increasing porosity, and we will make use of this in the
model below to explain the observed reduction in character-
istic fragment size.
Based on the morphological features discussed above,
we now consider a simple analytic model for the fragmenta-
tion of these ice-templated alumina structures under dynamic
loading. We are interested both in predicting the fragment
distribution and characteristic size, as well as accounting for
the reduction in characteristic fragment size as the porosity
increases. We consider two main points: the average
fragment size and the overall shape of the mass probability
density function. For the latter, we observe that many lamella
detach at all junctions with other lamellae, leaving long
sheet-like strips (typical examples are shown in Figure 4).
FIG. 7. Large recovered fragments showing crack features with a mix of
trans- and intergranular character.
FIG. 8. Distribution of recovered fragments for the various porosity
samples.
FIG. 6. SEM images of large recovered fragments following impact, show-
ing delamination and incomplete lateral cracking across the lamellae.
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Final fragments are predominately formed by random cracks
propagating across these lamellae, orthogonal to the original
growth direction. The lamellar length is much larger than the
final characteristic fragment size. If we assume the fragment
distribution can be treated as an uncorrelated, Poisson pro-
cess of cracks nucleating across a quasi-1D lamellar strip, it
is reasonable to describe this process using a simple one-
dimensional Lineau distribution.23 The majority of lamellae
in smaller fragments have failed at junction interfaces, and
the main determinant of fragment size is thus the cracks
propagating across the lamellar length. For characteristic
fragment size l and crack nucleation governed by Poisson
statistics, the Lineau distribution gives the distribution of
number of fragments over a linear size s as
n sð Þ ¼ 1
l
exp %s=lð Þ: (1)
A more suitable comparison for sieve data is the mass distri-
bution over a linear size; in this case, the 1D Lineau distribu-
tion takes the form







The solid lines in Figure 8 are fits to the experimental data
using Eq. (2) with the characteristic fragment size l as a
fit parameter. This form provides a good match to the experi-
mental trend, and yields average fragment sizes l of
57.6 lm, 83.5 lm, and 143.4 lm for the 75%, 60%, and
45% samples, respectively. We note that two- and three-
dimensional analogs of the Lineau form are in considerably
worse agreement with the collected fragment distribution.
Other common particle size distributions for brittle materials
such as the empirical Rosin-Rammler24 and Gates-Gaudin-
Schuhmann25,26 forms are also able to fit the data. However,
our goal here is to use a distribution with as few parameters
as possible, and for which the parameters can be traced to a
physical origin. The Lineau distribution provides a good fit
to the experimental fragment sizes, is consistent with the
fracture processes observed in recovered samples, and
requires only a characteristic fragment size.
We next consider one of the main efforts in this manu-
script, development of a model that can predict the average
fragment size l for these cellular alumina materials. We first
assume that that during dynamic loading, all lamellae fail at
junction interfaces, and that the measured fragmentation dis-
tribution is primarily related to crack initiation and merging
across the lamellar width. A schematic of our model is given
in Figure 9, where we assume tensile plane stress on the
lamella during impact and a candidate cylindrical fragment
of radius a within the lamella itself. We assume that the rele-
vant kinetic energy for a candidate fragment is the motion
relative to its center of mass. This local kinetic energy is bal-
anced against two additional terms: first, the surface energy
required to create N cylindrical fragments out of the lamella
structure. Second, we must consider the strain energy as the
lamella expands in tension; we assume that fragmentation
begins at a critical stress rc which is related to the critical
stress intensity factor for pre-existing microcracks in the
lamella. This approach is in the spirit of classic fragmenta-
tion theories by Grady23,27 and Glenn and Chudnovsky,28
who treated fragmentation as a balance between kinetic,
fracture, and strain energies. More recent numerical simula-
tions such as those developed by Zhou et al.,29 Paliwal and
Ramesh,30 and Levy and Molinari31 have shown promise for
predicting brittle fragmentation behavior, but generally
require a level of understanding of material defects and me-
chanical response which is currently unavailable for the hier-
archical freeze-cast structures we consider here.
We first consider the local kinetic energy T of the candi-
date fragment. A cylindrical shell at a distance r from the
center of a candidate fragment has a mass of
dm ¼ 2pqsrdr; (3)
where q is the ceramic bulk density and s is the lamellar




where the expansion velocity _r can be given in terms of a
density expansion rate _q




The total kinetic energy of a collection of N ¼ Lx=pa2 frag-






Lxsq _!að Þ2; (5)
where we have introduced the strain-rate, _! ¼ % _q=2q. We
assume, following Glenn and Chudnovsky,28 that there is no
residual strain remaining in the newly formed fragments af-
ter fracturing. Thus, the elastic strain energy available for
fragmentation can be written
U ¼ Lxs
E
r2c 1% "ð Þ; (6)
where E is the Young’s modulus of bulk alumina and " is its
Poisson’s ratio. The lamella has been assumed to be in a condi-
tion of plane stress. Finally, we consider the change in surface
energy when the lamella is broken into a collection of N cylin-
drical fragments. The initial surface energy is given by
Ci ¼ Sac, where c is the specific surface energy c ¼ K2ic=2qc2,
and Sa is the total surface area of the unfractured lamella. The
total residual surface energy Cres when N cylindrical fragments
of radius a are formed is
FIG. 9. Schematic of the energy balance model for a cylindrical fragment
formed within a detached lamella.
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Cres ¼ NCn ¼ Lxcpa2 2pasþ 2pa
2ð Þ: (7)
The equilibrium fragmentation condition is given by a bal-
ance of these three energies
T þ U þ Ci ¼ Cres: (8)














Solving Eq. (9) for the equilibrium fragment size a gives















3 qc_!ð Þ2 r
2





We assume that the critical stress rc is equal to the tensile
strength of the alumina material, which should be suitable in
the case where widespread delamination occurs. The lamel-
lar length L is very large compared to the average fragment
size, and based on our observations it is comparable to our
overall sample dimensions (16mm). The other lamellar
dimensions, the thickness s and the width x both decrease in
a similar manner with increasing porosity (see Fig. 2). The
ratio between them appears to be roughly constant in our
recovered fragments, and thus we assume that x=s ¼ n,
where the constant n is approximately 20 for these ice-
templated alumina structures. The strain rate at the lamellar
level was estimated assuming a simple three-point bending




where vs is the striker velocity determined based on the con-
servation of momentum of the impactor and the striker bar.
The strain rate values derived from this equation were in the
range of 104–105 depending on the microstructural parame-
ters (note that velocity is constant in all experiments), which
are reasonable values for dynamic loading on a microstruc-
tured lamella.
Table II presents the alumina material properties used in
this model. The fracture toughness of fine-grained alumina





to be representative for the observed grain size in our lamel-
lae.32 The critical stress, as discussed above, is taken to be
the tensile strength of bulk alumina at ambient conditions.33
With these parameters, we made use of the fragmentation
model developed above to estimate the average fragment
size of the freeze-cast specimens. Figure 10 shows the results
of the above theory plotted as average fragment size against
the lamellar width. For the samples synthesized in this study,
the latter quantity has a direct relationship to porosity. The
above theory produces average fragment sizes in very good
agreement with experimental values, and successfully pre-
dicts the trend of increasing average fragment size with la-
mellar width. As the lamellar width increases, the average
fragment size increases and eventually the curve flattens off
at large x due to the reduction in effective strain-rate. No
samples synthesized here had a lamellar width above
600 lm, and thus we cannot fully validate whether the theory
is in agreement over the full range. However, the experimen-
tal trend is that the thickness also increases as lamellar width
increases, and as x grows larger we will move out of a two-
dimensional, plane stress condition and violate the basic
assumptions of our model. With this caveat, it is encouraging
that the above theory accurately predicts characteristic frag-
ment sizes using only properties of bulk alumina, and also
captures the changing trend as the morphology is altered.
We note that if the strain-rate is held constant, the varia-
tion of fragment size with x is quite small. Most of the varia-
tion in Fig. 10 arises from the variation in strain rate with
lamellar size, Eq. (11). Though the impact velocity in our
TABLE II. Alumina material properties used in the fragmentation model.
Properties taken from Refs. 32 and 33.
Property Value
Bulk alumina density q 3.95 g/cm3
Sound speed c 10.22 km/s




Poisson’s ratio " 0.231
Critical stress rc 267MPa
FIG. 10. Variation in average fragment size with lamellar width x.
Theoretical results from Eq. (10) are shown along with experimental values
for each porosity of freeze-cast alumina scaffold studied here.
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experiments is held constant, the strain-rate in our model still
varies due to this dependence on lamellar dimensions. An
explicit strain-rate variation of average fragment size is
shown in Figure 11, with the microstructure values held con-
stant at x¼ 500 lm and n¼ 20. At the low end of the
dynamic strain-rate regime, the fragment size plateaus at a
rate-independent value, as expected when the strain energy
is accounted for in the fragmentation energy balance.28 This
plateau is responsible for the leveling-off behavior seen in
Figure 9 at large x. With the exception of morphology-
specific terms such as n that are specific to this freeze-cast
material, we expect that a similar model could be applied to
the fragmentation of any brittle, lamellar material.
IV. CONCLUSIONS
The microstructure and fragmentation behavior of ice-
templated, freeze-cast alumina materials were studied as a
function of varying sample porosity. The porosity of the ma-
terial is a direct replica of the solvent content and can be
carefully controlled; in addition to a porosity change, how-
ever, there are also a range of changes in the microstructure
and lamellae comprising the material. Lamellar thickness
and width in the freeze cast samples decrease significantly as
the porosity of the material increases. Impact tests were per-
formed to study the fracture under dynamic loading, and the
general fracture trends are consistent across all porosities;
both trans- and intergranular failure are observed, and all
samples show nearly complete delamination and cracking
across the lamellar width. Though all recovered fragment
distributions are well described by a one-dimensional Lineau
form, there is a systematic decrease in the characteristic frag-
ment size of this Lineau distribution with increasing poros-
ity. A theoretical model was developed to predict this
average fragment size of a freeze cast alumina material,
based on a balance of kinetic, strain, and surface energy.
Using only properties of bulk alumina, the model correctly
predicts the characteristic fragment sizes as well as the
reduction in this characteristic size as the porosity increases.
This approach allows one to predict the fragmentation
behavior of the freeze-cast scaffolds from a small number of
material properties.
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